ABSTRACT: The responses of marine taxa to ocean acidification are varied, with, for example, some exhibiting decreased and some increased calcification rates. Experiments were conducted to assess the effect of elevated atmospheric carbon dioxide concentrations on the survival, fitness, shell microfabric and growth of Amphistegina gibbosa, a symbiont-bearing, coral-reef dwelling, benthic foraminiferal species that precipitates low-Mg calcite tests, using CO 2 partial pressure (pCO 2 ) levels similar to those likely to occur in shallow marine pore waters in the decades ahead. Specimens were cultured at constant temperature and controlled p CO 2 (ambient, 1000 parts per million by volume [ppmv], and 2000 ppmv) for 6 wk, and total alkalinity and dissolved inorganic carbon were measured every 2 wk to characterize the carbonate chemistry of the incubations. Foraminiferal survival and cellular energy levels were assessed using adenosine triphosphate analyses, and test microstructure and growth were evaluated using high resolution scanning electron microscopy and image analysis. Fitness and survival were not directly affected by elevated p CO 2 and the concomitant decrease in pH and calcite saturation states (Ω c ). Test growth was not affected by elevated p CO 2 . However, areas of dissolution were observed after 6 wk, even though Ω c was >1 in all treatments; the fraction of test area dissolved increased with decreasing Ω c . Test dissolution occurred only in small, well defined patches that appeared to be distributed randomly over the whole test surface. Similar dissolution was observed in offspring produced in the 2000 ppmv p CO 2 treatments. The long-term ecological consequences of the effects observed are not yet known.
INTRODUCTION
Over the last 2 centuries, human activities have led to an increase of almost 40% in the concentration of atmospheric carbon dioxide (CO 2 ) (Feely et al. 2004) . Currently, the atmospheric CO 2 concentration is > 390 parts per million by volume (ppmv) and could be as high as 800 ppmv by the end of this century (Prentice et al. 2001 , Augustin et al. 2004 , National Research Council 2011 . As CO 2 dissolves into seawater, the solution pH decreases (Feely et al. 2004 , Orr et al. 2005 , and thus, today's surface ocean pH is already 0.1 unit lower than pre-industrial values (Royal Society 2005) and is predicted to be another 0.3 to 0.4 units lower by the end of this century (Prentice et al. 2001 , Orr et al. 2005 . This decrease in pH, 'ocean acidification', is likely to affect many marine organisms, in particular those that produce calcium carbonate shells or skeletons.
Taxa ranging from protists to metazoans have shown reduced calcification rates in short-and longterm ocean acidification culture experiments (e.g. Gattuso et al. 1998 , Riebesell et al. 2000 , Kuffner et al. 2008 , de Moel et al. 2009 , Moy et al. 2009 , Lombard et al. 2010 . In contrast, some species have been shown to increase their calcification rates under experimentally induced pH decreases (IglesiasRodriguez et al. 2008 , Checkley et al. 2009 , Ries et al. 2009 . Although the survival of many calcifying organisms seems not to be significantly affected by ocean acidification, many studies have found more subtle effects, such as reduced recruitment or growth rates or changes in gene expression patterns, behavior or physiology (Kuffner et al. 2008 , Arnold et al. 2009 , O'Donnell et al. 2009 , Parker et al. 2009 , Dixson et al. 2010 .
Studies of protists have focused on 2 groups: coccolithophores, which exhibit species-specific calcification responses (e.g. Riebesell et al. 2000 , IglesiasRodriguez et al. 2008 , and planktonic foraminifera, in which calcification decreased in all species studied to date (e.g. Barker & Elderfield 2002 , de Moel et al. 2009 , Moy et al. 2009 , Lombard et al. 2010 ). Foraminifera, both planktonic and benthic, are among the most ubiquitous marine calcifying organisms (e.g. Langer et al. 1997 , Small & Adey 2001 , Harney & Fletcher 2003 , constitute an important link in marine food webs (e.g. Legendre & Le Févre 1995 , van Oevelen et al. 2006 , and play important roles in the recycling of organic carbon (e.g. Moodley et al. 2000) and the production of carbonate (Langer et al. 1997) .
Benthic foraminifera have been the subject of fewer, mostly experimental ocean-acidification, studies compared to other calcifying marine protists (Bernhard et al. 2009a ,b, Kuroyanagi et al. 2009 , Dias et al. 2010 , Dissard et al. 2010 , Fujita et al. 2011 , Haynert et al. 2011 . The stress-tolerant, shallowwater calcareous benthic species Ammonia tepida continued to calcify under elevated partial pressures of CO 2 (pCO 2 ) (2000 ppmv, calcite saturation value Ω c < 1), although tests of specimens grown at 2000 ppmv generally weighed less than those grown at 230 ppmv (Dissard et al. 2010) . The neritic species Ammonia amoriensis exhibited reduced calcification and increased test dissolution at elevated p CO 2 levels beginning at 929 ppmv and Ω c < 1 (Haynert et al. 2011) . Fujita et al. (2011) , in experiments with large symbiont-bearing foraminifera, reported that net calcification in Baculogypsina sphaerulata and Calcarina gaudichaudii, which secrete hyaline shells, increased under intermediate levels of p CO 2 (580 and/or 770 ppmv) and decreased at a higher p CO 2 level (970 ppmv), whereas net calcification in Amphisorus hemprichii, which secretes a porcelaneous shell, tended to decrease at elevated p CO 2 . Nonmineralizing benthic foraminifera have been shown to survive and sometimes even reproduce at extremely high p CO 2 (up to 200 000 ppmv) in shortterm (10 to 14 d) laboratory experiments (Bernhard et al. 2009b) . Moreover, in a field assessment testing the response to sequestration of liquid CO 2 on the deepsea floor, Bernhard et al. (2009a) showed that survival of agglutinated and thecate (organic-walled) foraminifera was not significantly affected by a decrease in pH, while the survival of calcareous foraminifera was negatively impacted. A recent field study assessing foraminiferal distribution along a natural pH gradient suggests differential species responses (Dias et al. 2010) . While such studies are valuable, field assessments are complicated by covarying environmental parameters.
Rising p CO 2 has been speculated to be a cause of aberrant test morphologies, dissolution, and bleaching (i.e. loss of photosynthetic endosymbionts) in calcareous reef foraminifera (Tsimilli-Michael et al. 1998 , Crevison & Hallock 2007 .
In the present study, we conducted experiments to assess the effect of elevated atmospheric CO 2 concentrations on Amphistegina gibbosa, a coral-reef dwelling, benthic foraminiferal species that hosts diatom endosymbionts and precipitates low-Mg calcite hyaline shells. A. gibbosa was selected for the present study based on 4 decades of research on the biology and ecology of this genus (e.g. Muller 1974 , Baker et al. 2009 , and many others), which is typically abundant on reefs and carbonate shelves worldwide (Langer & Hottinger 2000) at depths ranging from shallow subtidal to 100 m or more (Hallock 1999) .
Early studies focused on carbonate-sediment production by these foraminifera, as their shells are sand-to granule-sized, ranging in diameter from 0.1 mm (newly formed juveniles) to > 3 mm (large adults). Abundant on coralline algae and other phytal substrates and less commonly found in mobile sandy substrates, Amphistegina spp., along with other symbiont-bearing taxa, are widely used as bioindicators of water quality in subtropical and tropical coastal waters (e.g. Hallock et al. 2003 , Uthicke et al. 2010 . Amphistegina also can indicate the photic component of photo-oxidative stress that causes bleaching on coral reefs (e.g. Hallock et al. 2006 ) because these foraminifera typically have a wider range of temperature tolerance than zooxanthellate corals but are more sensitive to photoinhibition (Talge & Hallock 2003) . Moreover, the fossil record of this genus extends back at least to the Eocene, where it likely gave rise to more complex foraminiferal lineages that have since become extinct (Barker & Grimsdale 1936) .
The common Western Atlantic and Caribbean species Amphistegina gibbosa has been shown to be physiologically very similar to its Indo-Pacific sibling species, A. lessonii (Hallock et al. 1986 , Walker et al. 2011 . The 2 species are commonly confused because they are morphologically and ecologically very similar, probably having diverged when separated by the closing of the Central Seaway in the Pliocene (Hallock 1999) . This similarity potentially expands the applicability of our experiments to A. lessonii and possibly also to A. lobifera, whose juveniles are nearly indistinguishable from those of A. lessonii.
The experimental pCO 2 levels (1000 and 2000 ppmv) chosen for the present study are similar to those observed in shallow marine pore waters today (e.g. Emerson & Bender 1981) and likely to occur in the decades ahead. We tested the hypotheses that exposure to increased p CO 2 for 6 wk does not affect survival and fitness, test microfabric, growth, and symbiont color in Amphistegina gibbosa.
MATERIALS AND METHODS

Specimen collection and preparation
Specimens of Amphistegina gibbosa were collected in the Florida Keys, USA, in April and June 2009. The collection site was the vicinity of the Tennessee Reef lighthouse (24°775' N, 80°739' W) at 6 to 8 m depth, which is a site studied extensively over the past 20 yr. The basic sample collection and processing methods are also long established and described in earlier papers (e.g. Hallock et al. 1995 , Baker et al. 2009 . A SCUBA diver collected several hand-sized pieces of reef rubble (~10 cm diameter) into a 4 l plastic bag and then scrubbed each piece of rubble within the bag using a small brush to remove algae and microorganisms from the rock surface. Each rubble piece was discarded (i.e. returned to the reef) after it was scrubbed. The resultant slurry was rinsed using ambient seawater to remove fine sediment and algal debris. When repeating this collectingscrubbing-rinsing procedure several times had yielded ~50 ml of sediment in the collecting bag, the bag was half-filled with ambient seawater, sealed, and brought to the surface. Sample bags were immediately placed in an insulated box or bucket containing ambient seawater, protecting them from exposure to high light intensities and temperature fluctuations. Onshore at the Keys Marine Laboratory, typically within 2 h of collection, these bulk samples (containing assorted carbonate sand-sized com ponents, including live foraminifera) were decanted into several 1 l wide-mouth jars, each containing ã 3 mm thick layer of sediment and ~600 ml of seawater.
All jars were tightly sealed and placed in an insulated box for transport to the Reef Indicators Laboratory at the University of South Florida in St. Petersburg, FL, USA, a 6 h drive. There, the bulk samples were placed into an incubator on a 12 h light/dark cycle and maintained at 25°C. The day before shipment to WHOI, 2 or more bulk samples were decanted into Petri dishes and allowed to rest overnight, during which time most live Amphistegina gibbosa crawled to the sediment surface or up the walls of the dish. Olive-green, healthy-appearing specimens were selected from the bulk sample using a fine artist's brush (00000) and placed into an insulated jar, packed in an insulated box, and shipped using overnight delivery to WHOI. Many foraminifera are relatively robust when handled; similar procedures have been used successfully for > 40 yr to ship live Amphistegina, Heterostegina, and other fora miniferal taxa to laboratories in Europe and elsewhere.
After arrival at WHOI, specimens were allowed to acclimatize for 7 to 10 d before experiments commenced. During this period and throughout the experiments, the foraminifera were fed a freezedried mixture of equal proportions of the algae Isochrysis galbana and Dunaliella tertiolecta once per week (40 µl per individual). Freeze-dried algae were used throughout the experiment to ensure that no algal cells were alive and capable of growing and reproducing under conditions that were potentially favorable to these microalgae (high light, high temperature, and increased p CO 2 ). On the day of experimental initiation, specimens were transferred into Petri dishes containing 0.22 µm filtered seawater. After ~15 min, specimens were examined under a Nikon SMZ-2B stereo dissecting microscope, and those with visible reticulopodia were deemed to be alive and were distributed randomly among the experimental treatments.
Experimental overview
Experiments were run at 2 elevated p CO 2 concentrations, 1000 ppmv (± 20; starting in April 2009) and 2000 ppmv (± 40; starting in June 2009), with ambient p CO 2 as the control concentration in each of the 2 experiments. Experiments were run in succession because the feedback-controlled infrared CO 2 sensor used to control the elevated p CO 2 (see 'Incubators') can only control one p CO 2 level at a time. Each experiment lasted for 6 wk, with time points after 1 and 6 wk. Successive experiments, while potentially adding variability to results, provide a robust experimental design because specimens from different collection times and seasons are utilized. Thus, if results are consistent among successive trials, the possibility of collection-time artifacts is reduced.
Treatments
To assess survival, each of the 2 experiments consisted of 1 ambient p CO 2 (410 ± 30 ppmv p CO 2 ; Control) and 2 elevated p CO 2 treatments (Direct and Rebound), performed at either 1000 or 2000 ppmv. Specimens from one of the elevated treatments were extracted for adenosine triphosphate (ATP) directly after removal from the elevated p CO 2 incubator (the 'Direct' treatment). Specimens from the second elevated p CO 2 treatment were placed in the control chamber after the enriched CO 2 incubation and allowed to re-equilibrate to atmospheric conditions for ~24 h prior to subsequent analyses (the 'Rebound' treatment) (Bernhard et al. 2009b ). While we do not expect the pH and Ω c of the world's oceans to 'rebound' within 24 h, we wanted to test whether the physiological state in Amphistegina gibbosa under elevated p CO 2 is reversible, as has been shown for a thecate foraminiferal species after exposure to much higher p CO 2 over a shorter time span (Bernhard et al. 2009b) . Only the Control and Direct treatments were used for growth and test-microstructure analysis. Specimens were housed in 24 well tissue culture plates, where each well received only a single individual at experimental initiation. The following number of plates were used in each experiment: 3 Control plates (one each for ATP analysis after Week 1 and Week 6 and one for scanning electron microscopy (SEM) analysis from which half of the specimens [12] were harvested after Week 1 and the other half after Week 6), 3 Direct plates (same use as in Control), and 2 Rebound plates (one each for ATP analysis after Week 1 and Week 6). The time required to pick half the specimens from the SEM plates was ~7 min. During this short time period, it is unlikely that carbonate chemistry of the seawater bathing the remaining specimens changed significantly (see 'Incubators' below for equilibration times).
Prior to beginning each experiment, reflected light photographs of all specimens from the SEM, Control, and Rebound plates as well as of 6 specimens from the Direct plates were taken with an Olympus DP 70 digital camera attached to a Leica MZ FLIII stereo dissecting microscope. Not all of the Direct specimens were photographed due to the time-dependent nature of the (ATP) response (4 to 6 h) (Bernhard 2000) and of the re-equilibration with ambient p CO 2 of the seawater from the Direct treatments. Sample processing took ~3 h for each plate. Images were later used to determine relative growth rates and loss of symbiont color (see 'Loss of symbiont color, coiling direction, and offspring test deformation').
Incubators
Control plates were kept in an acrylic desiccator cabinet (Nalgene) within a larger diurnal incubator (Thermo low temperature illuminated incubator 818) maintained at 25°C (± 0.5°C) under a 12 h light-dark cycle. The cabinet was aerated daily by opening and closing the door repeatedly for 40 s. Direct and Rebound plates were kept in a DigiTherm ® 38 l heating/cooling incubator with an integrated circadian lighting system (Tritech Research) at 25°C (±1.8°C) under a 12 h light-dark cycle. Irradiance (photosynthetically active radiation [PAR]) in both incubators was measured prior to the beginning of each experiment using the PAR sensor on an underwater fluorometer (Diving PAM, Walz Mess-und Regeltechnik). Since the standard light source of the incubator was insufficient for our purposes, the intensity of PAR was enhanced by adding a 14 W, 6700 K full-spectrum aquarium light and a combination of mirrors to focus the light toward specimens. All plates were relocated randomly once a week in both incubators throughout the course of each experiment to ensure that no 'location effect' took place.
Elevated atmospheric p CO 2 in the DigiTherm ® incubator was maintained using a feedback controlled infrared CO 2 -sensor (Biospherix ProCO 2 system; ± 2% accuracy) that, together with a CO 2 inlet tube, was inserted through a hole in the incubator's side wall. The inlet tube was placed just below an integrated fan to ensure fast mixing of gases. Calibration was performed and checked using a QuBit infrared CO 2 analyzer (QuBit Systems) calibrated with a N 2 gas blank and a standard gas of 1036 ppmv CO 2 in N 2 . A 10 min exposure to ambient conditions, as during the weekly feeding, resulted in a temporary increase in pH of 0.02 to 0.03 units.
Carbonate system parameters
Surface seawater for the experiments was collected in June 2008 at ca. 38°N, 69°15' W and in September 2009 at 39°N, 69°21' W from ~5 m water depth using the uncontaminated seawater intake of an underway research vessel. Due to the small volume of the treatment containers (24 well plates, 1.7 ml per well), seawater for carbonate parameter measurements was kept in 22 ml glass scintillation vials in the control and elevated-CO 2 incubator. Samples for total alkalinity (A T ) and dissolved inorganic carbon (C T ) were taken at 4 time points throughout the course of each experiment (at the end of Weeks 1, 2, 4, and 6). These samples were filtered (0.45 µm) and poisoned with 10 µl HgCl 2 at the time of collection. A T samples were stored in glass vials, and C T samples were sealed in glass ampoules. A T values were determined by automated Gran titrations of 1 ml samples, standardized using certified reference materials obtained from A. Dickson (Scripps Institution of Oceanography). The relative standard deviation of alkalinity analyses of replicate samples through all experiments averaged 0.9% (n = 39). Dissolved inorganic carbon concentrations were determined manometrically on 3 to 5 ml samples, using an automated vacuum extraction system. The relative standard deviation of C T analyses of replicate samples through the experiments averaged 1.1% (n = 47). Calculations of carbonate system parameters were performed using a spreadsheet version of the CO2SYS program (Lewis & Wallace 1998) using the total pH scale and the dissociation constants of Hansson (1973a,b) and Mehrbach et al. (1973) , as refit by Dickson & Millero (1987) , and the calcite solubility of Mucci (1983) .
Due to evaporation, the salinity in the vials containing the seawater for A T and C T analysis increased throughout each experiment, affecting A T and C T values. Seawater in the wells containing foraminifera was replenished with distilled (DI) water once a week. Because of this, evaporation and associated changes in carbonate chemistry, as experienced by the foraminifera, were calculated as follows. The mean volume of DI water added to each well per week was weighed on a microbalance. The mean volume was 0.12 ml (3 drops from a Pasteur pipette or 7% of well volume) in the control box and 0.15 ml (4 drops or 9% of well volume) in the incubator. We assumed that the change in A T was equivalent to the change in salinity and calculated A T after 7% and 9% evaporation (i.e. A T at Timepoint 0 multiplied by 1.07 and 1.09, respectively). From our data, we then determined the timepoint at which the measured A T values were closest to the calculated values (Week 2 in the incubator and Week 4 in control, in both experiments) and used the measured C T values from these timepoints for our CO2SYS calculations. For the evaporation-adjusted CO2SYS calculations, we therefore used 2 calculated parameters from measured Timepoint 0 values (salinity and A T ) and 1 measured parameter (C T ; Table 1 ). Since we replaced the evaporated water in the well containing foraminifera once a week, we expect that the 2 carbonate chemistry scenarios in Table 1 reflect the 'best' and 'worst' conditions to which the foraminifera were exposed throughout a 1 wk period.
To account for changes in A T due to growth (i.e. calcification) during the duration of the experiments (i.e. 6 wk), we used mean dry weight of adults and offspring (see 'Survival assessment') and growth estimates (see 'Growth') and calculated ΔA T as follows:
As the number of offspring varied greatly among wells, we performed 2 calculations for the offspring, one with the smallest brood (~20 individuals) and one with the largest brood (~200 individuals).
No calculations were performed to account for changes in carbonate chemistry due to respiration since the wells containing foraminifera were shallow and allowed quick equilibration of the seawater with the overlying gas phase.
Survival assessment
To assess survival, specimens were extracted and assayed for ATP content. The nucleotide ATP is an indicator of cellular energy that has been used to quantify benthic foraminiferal populations (e.g. DeLaca 1986 , Bernhard & Reimers 1991 , Bernhard 1992 . Just before ATP extraction, photographs were taken of all individuals from the Control and Rebound plates and ~6 specimens from the Direct treatment. Within 10 to 15 min after removal from the incubator, individuals were measured for their diameter (rounded to the nearest 20 µm) using a Nikon SMZ-2B stereo dissecting microscope and extracted for ATP in 1.0 ml boiling phosphate-citrate buffer (DeLaca 1986) for 5 min, after which extracts were frozen for later analysis. Specimens of Amphistegina gibbosa that had reproduced during the experiment were not extracted for ATP because reproduction in foraminifera results in death of the dividing individual. Instead, 2 offspring from each brood were measured and extracted. Frozen ATP extracts were thawed and subsequently analyzed using a Berthold Lumat LB 9507 luminometer and luciferin−luciferase reaction per standard protocol (e.g. Bernhard 1992 ).
To estimate each individual's test volume, Amphistegina gibbosa was assumed to have the idealized geometric shape of an oblate spheroid. A height to diameter ratio, derived from height:diameter estimates of a subset of specimens, was used in the calculations. To account for differences between calculated volume and actual volume, a set of empty tests was photographed, and the test areas in 2 focal planes were calculated using the mathematical equation for an ellipse. Subsequently, areas were also measured with imaging analysis software (Image J; USA National Institutes of Health, http:// rsb.info.nih.gov/ij/). A comparison of the 2 sets of measurements revealed that the ellipse equation overestimated the actual volume by 15%; hence, final-volume calculations of all specimens were adjusted accordingly.
Tests of dead foraminifera can house bacteria and microeukaryotes, such as flagellates, which can occur in decaying cytoplasm (e.g. Bernhard et al. 2003) or live on surfaces of empty tests. These microbes contain ATP and thus provide the rationale for using a live-dead threshold for foraminifera. The live/dead threshold of ATP concentration used for deep-sea foraminifera (415 ng mm −3 ) (Bernhard & Reimers 1991) was adjusted to determine survival in our samples because the ratio of cytoplasm to calcium carbonate in this reef species is lower than in the deep-sea foraminiferal species for which the threshold was originally developed. This adjustment (to 58 ng mm −3 ) was established by determining the contribution of calcium carbonate to the overall specimen volume by rehydrating dried specimens of Amphistegina gibbosa (n = 7) in DI water. These specimens were soaked in 5% NaOCl solution for 30 min to remove any cytoplasmic remnants and then rinsed 3 times in deionized water. Specimens were stored in a solution of sodium borate until analysis, when each wet specimen was weighed with a micro balance (Mettler Toledo MX5; accuracy 0.8 µg). Care was taken to weigh specimens while all chambers were filled with water. Individuals were briefly placed on lint-free cleaning tissue before weighing to ensure that no water remained on the outside of the test. The average weight of tests was 82 µg (± 5). Individuals were then dried overnight at 50°C and re weighed. The mean difference between dry weight and wet weight was 20% and was considered to be the contribution of cytoplasm to the overall volume. Note that in living foraminifera, the last chamber is often not occupied by cytoplasm, and thus, the contribution of cytoplasm to the overall weight may have been overestimated. However, this should not influence the overall results since there is no indication of a systematic difference between cytoplasm filling of specimens from control and elevated p CO 2 conditions.
Growth
Growth of individual specimens was calculated by comparing the surface area of individuals from the Control and Direct treatments on the images taken at the beginning of the experiments and after 6 wk. Cross-sectional areas of live specimens from the direct and control plates were measured using the software program ImageJ, and the percentage of increase (i.e. growth) was calculated as (final area − initial area) / (initial area). Statistics for each experiment were calculated separately using mean growth values from the 2 Direct and Control dishes per experiment.
Test-microfabric assessment
Specimens used for SEM analysis were rinsed in DI water and air dried on micropaleontology slides. Mounted specimens were sputter coated (Leica EM MED020; 10 nm palladium) and imaged using a Zeiss Supra 40VP scanning electron microscope. Initially, all specimens were imaged at various magnifications to determine if any changes in test microstructure could be detected. To quantify the extent of test dissolution, the penultimate and antepenultimate chamber of each adult was imaged at a consistent magnification. Since Amphistegina gibbosa precipitate a new layer of calcite over the whole test surface with each chamber addition, we were confident that we were analyzing calcite that had been precipitated during the experiments. The percentage surface area with changed microfabric was determined using ImageJ. Between 4 and 6 specimens were analyzed for each treatment and timepoint. Several whole specimens of Amphistegina gibbosa offspring were also imaged and analyzed.
Loss of symbiont color, coiling direction, and offspring test deformation
Symbiont color loss was assessed by comparing the proportion of olive-green color (representing symbionts) with white areas devoid of color (e.g. Talge & Hallock 2003) at the experiment start to that percent at Timepoints 1 and 6. Images were taken before the start of the experiment and just before ATP extraction or SEM processing. Images were only used when specimens were oriented in the same way (i.e. umbilical or spiral side up) at the start of the experiment and at the time point. Degree of color loss was assessed using the following index: 4 = 75-100% of specimen olive-green in color, 3 = 50-74%; 2 = 25-49%, and 1 = 0-24%. Coiling direction, test shape, and surface abnormalities of offspring were determined using a stereo dissecting microscope (LeicaMZ FLIII). To determine coiling direction, specimens were placed with the umbilical side up (side on which aperture is situated), and the apertural area was placed in a '12 o'clock position'. Specimens with the final chamber to the left were labeled sinistral, and those with the final chamber to the right, dextral. Offspring that had an uneven test surface and an incomplete outer final whorl or that were twins (2 offspring apparently fused together or incompletely separated during formation) were re corded as deformed.
RESULTS
Carbonate system parameters
Culture pH and calcite saturation state decreased with increasing p CO 2 , but the seawater remained saturated with respect to calcite in all 3 p CO 2 conditions. Due to weekly evaporation, salinity increased by 2.6 and 2.8 psu in the wells of control specimens in the 1000 and 2000 ppmv experiments, respectively. Slightly higher evaporation rates (9%) led to a salinity increase of 3.6 and 3.5 psu in the 1000 and 2000 ppmv treatments, respectively. The small differences in salinity increases between the 1000 and 2000 ppmv experiments were due to a difference in initial salinity of the seawater used for each experiment (36.6 and 35.2 psu, respectively). As noted, salinity was adjusted to initial conditions by the weekly addition of DI water. Therefore, the carbonate parameters reported here likely represent the most extreme values the foraminifera were exposed to during the experiments (Fig. 1, Table 1 ). The mean decrease in A T after 6 wk due to calcification was 0.02% in wells containing adult specimens and 0.17% and 1.6% for wells containing small and large broods of offspring, respectively.
Survivorship and ATP concentrations
Survival rates for Amphistegina gibbosa were relatively high in all 3 treatments in both experiments, ranging from 46 to 100%. There was no obvious or consistent pattern to survivorship (Fig. 2) , and differences in survival after 1 wk (χ 2 test, p > 0.05) (Quinn & Keough 2006) and 6 wk were not significant (χ 2 test, p > 0.05). ATP concentrations were comparable in both experiments, ranging from 100 to 239 ng mm −3 in the 1000 ppmv experiment and 133 to 290 ng mm −3 in the 2000 ppmv experiment, with no pattern related to time or treatment (Fig. 2) . While no true replication of treatments was performed due to logistical constraints (see 'Materials and methods'), the lack of a pattern when comparing results from the 1000 and 2000 ppmv experiments bolsters the argument that survival was not significantly affected by elevated p CO 2 .
Growth
Mean increase in test surface area after 6 wk in the 1000 ppm experiment was 39% (±10.5, standard deviation [SD] ) and 35% (± 3.6) in the Control and Direct treatments, respectively. In the 2000 ppmv experiment, mean growth was 29% (± 9.6) in the Control and 44% (± 8.8) in the Direct treatment.
There was no significant difference between Control and Direct treatments in either of the 2 experiments (p > 0.2; Kruskal Wallis test) ( . Percent survival and mean ATP concentrations (±1 standard error) of surviving Amphistegina gibbosa in experiments using ambient and 1000 ppmv or ambient and 2000 ppmv elevated p CO 2 . Ambient p CO 2 were Control treatments; specimens from Direct treatments were extracted for adenosine triphosphate (ATP) directly after removal from the elevated p CO 2 incubator. Specimens from the Rebound treatment were placed in the control chamber after the enriched p CO 2 incubation and allowed to re-equilibrate to atmospheric conditions for ~24 h prior to subsequent analyses
Reproduction, coiling direction, and test deformation of offspring
Asexual reproduction occurred in all p CO 2 concentrations. In the Rebound plates, all reproduction occurred before the plates were transferred to the control chamber. In the 2000 ppmv experiment, mean yields (number of offspring per individual) within each of 3 Control plates (ambient Week 1 and Week 6, ambient SEM) in which reproduction occurred were 49 (± 30), 120 (± 79), and 37 (± 29) offspring ind. Coiling direction in 75% of specimens (a sub sample of all specimens used) and in 68% of parents was dextral (note that it was not possible to determine coiling direction in all parents). Offspring of sinistral parents were predominantly dextral (69 ± 15.6%), as were offspring of dextral parents (62 ± 18.1%). There was no significant difference in percentage dextra lity between offspring from the 2000 ppmv (75 ± 7%) and ambient control treatment (59 ± 11%) (p > 0.05; 2-sample t-test on log-transformed data; Fig. 4 ). The ratio of 'normal' to 'deformed' offspring was 5.8 (±10.9) and 5. (3) 17 (1) 34 (1) 73 (6) 67 (2) 200 (1) 70 (1) 109 (6) 70 (4) 49 (6) 25 (5) 75 (5) 41 (5) 25 (1) 56 (3) 25 (3) 240 (2) 24 (6) 26 (2) 150 (3) 45 (1) 34 (2) 29 (2) 35 (2) 25 (1) 75 (3) (Hallock 1988 , Hallock et al. 1995 ; no significant differences were observed between treatments and controls for either parameter
Test microfabric
Alterations in test microfabric were visible as areas of dissolved calcium carbonate (Fig. 5) . All imaged specimens contained cytoplasm and symbionts and thus were considered to be alive at the time of processing. Patterns of test dissolution in these specimens were distinctly different than patterns of test disintegration in specimens that had re produced during the experiment (Fig. 6) . In live specimens, the test surface was dissolved only in small, welldefined patches that appeared to be distributed randomly over the whole test surface. In contrast, in dead, empty specimens, the entire test surface appeared to dissolve, resulting in delamination of layers of calcium carbonate. The percent of dissolved area in creased with decreasing Ω c (in crea sing p CO 2 ) (Fig. 7) . No alterations were observed in any of the adult Control specimens or in adult specimens from either elevated p CO 2 treatment after Week 1. After 6 wk, however, adult specimens from both elevated p CO 2 levels exhibited test dissolution, with larger areas affected in specimens exposed to 2000 ppmv p CO 2 (11.5 ± 4.8%, mean Ω c = 1.65) than those exposed to 1000 ppmv p CO 2 (1.0 ± 0.7%, mean Ω c = 2.8). In offspring, test microfabric alterations were only observed in specimens incubated in 2000 ppmv p CO 2 after 6 wk (Fig. 8) .
Loss of symbiont color
Patterns of color loss were similar in both experiments. At the start of the experiments, the mean color index was 4 (no visible symbiont loss). In the Control treatments, the color index remained at 4 after 1 wk and declined to 3 after 6 wk. In Direct and Rebound treatments, the index decreased to 3 after Week 1 and to 2 in Week 6. Due to the lack of suitable images of Direct specimens, only Rebound specimens were used from the 2000 ppmv direct treatment after 6 wk. . SEM micrographs of Amphistegina gibbosa specimen that was alive after 6 wk under (A,D) elevated p CO 2 conditions (2000 ppmv p CO 2 ) and of 2 specimens that reproduced (and thus 'died') under (B,F) ambient p CO 2 and (C,G) elevated p CO 2 (2000 ppmv) conditions. These 2 specimens were dead for several weeks (ambient) and 1 wk (2000 ppmv p CO 2 ) before being harvested. Top row shows whole specimens, bottom row shows details of test damage of the specimens. Scale bars: A−C = 100 µm, E,G = 4 µm, F = 10 µm
DISCUSSION
The impacts of elevated p CO 2 on Amphistegina gibbosa were varied, and few negative effects were observed, other than some test dissolution and loss of symbiont color.
In our 6 wk experiments, the survival of Amphistegina gibbosa was not significantly affected by elevated p CO 2 and concomitant decreases in pH and Ω c . In other ocean acidification (OA) studies on benthic foraminifera to date, high survival rates have been noted for several species; however, survival was not quantified in these studies and was determined by methods other than ATP analysis (Dissard et al. 2010 , Haynert et al. 2011 . In contrast, in a field study along a pH gradient at naturally acidified field site, Dias et al. (2010) found no calcareous foraminiferal species below pH 7.6 (no Ω c values were reported). We cannot say whether these field results from the very shallow (2 m depth) site of Dias et al. (2010) are due to the long-term effect of OA or if they reflect some other physiological or ecological effect.
The similarity in ATP concentration of surviving specimens across treatments, p CO 2 , and time points further indicate that p CO 2 did not affect the level of cellular energy as a measure of health of Amphistegina gibbosa. Higher salinities (up to 40 psu) in the Control and elevated treatments of the 1000 ppmv p CO 2 experiment might have been a factor in the lower survival rates compared to those in the 2000 ppmv experiment. The lack of an OA effect on fitness is somewhat surprising, given the mechanism of calcification in hyaline foraminifera. Hyaline foraminifera possess a large inorganic carbon pool that is used for calcification (ter Kuile et al. 1989 ). In A. lobifera, a closely related Indo-Pacific species, this carbon pool consists of seawater vacuoles that transport seawater to sites of growing calcite. During transport, the vacuolated seawater undergoes rapid alkalinization, which elevates pH by ~0.5 units and increases C T concentration (Bentov et al. 2009 ). Similar large alkaline seawater vacuoles have also been found in a range of other benthic foraminifera, both milliolid and hyaline (de Nooijer et al. 2008 , 2009 , Bentov et al. 2009 ). The initial saturation state of the encased seawater helps determine the amount of energy the foraminiferan has to expend to obtain the required pH and consequently to maintain the desirable calcification rate (Bentov et al. 2009 ). In our experiments, A. gibbosa in the elevated p CO 2 conditions, in which the initial vacuolated seawater had a lower pH than in the control conditions, were likely to have had to spend more energy on calcification than control specimens, but after 6 wk, their overall fitness was not lower than those of control specimens. It remains to be established whether A. gibbosa exposed to elevated p CO 2 for an entire life cycle can sustain the same fitness levels or if long-term exposure will result in decreased calcification rates, as has been observed for other benthic foraminifera (Dissard et al. 2010 , Fujita et al. 2011 , Haynert et al. 2011 .
Since specimens were maintained in static conditions over a relatively long time period, ammonia from excretion and mineralization of organic detritus, such as unconsumed food, could have accumulated, causing a general decrease in survivorship (e.g. Lin & Chen 2003) , but this potential impact should have affected all treatments similarly. Also, the reproduc- tive yield was not significantly affected by increased p CO 2 . Our results are consistent with previous observations and studies in which benthic foraminifera survived partial and complete test dissolution due to low pH (Bentov & Erez 2005 , Bentov et al. 2009 . The patterns of test degradation in live specimens differed from those of empty tests of specimens that reproduced in culture. In the dead specimens, dissolution caused exfoliation of the surface and exposure of the underlying crystalline structure, a typical taphonomic mechanism of test degradation (e.g. Toler & Hallock 1998) . In contrast, in live specimens, patches of dissolution were relatively small and well defined, and although the extent of dissolution was only estimated on the antepenultimate chamber of each specimen, the dissolution appeared to be distributed over the whole test surface without any discernible pattern. With each chamber addition, Amphistegina gibbosa add a new layer of calcite to the entire test surface. The inverse relationship between the extent of dissolution and the calcite saturation state of the seawater suggests that increased p CO 2 was the cause of dissolution, even though water in all 3 p CO 2 conditions was supersaturated with respect to calcite. Our results contribute to a growing body of evidence that effects of OA on test microstructure may be species-specific and not just a function of test composition. Test dissolution was not observed among symbiont-bearing reef species with tests composed of high-magnesium calcite while exposed to seawater supersaturated with respect to both calcite and aragonite (Fujita et al. 2011 ) nor in a range of temperate species, even in seawater undersaturated with calcite (Dissard et al. 2010, McIntyreWressnig et al. in press) . In contrast, test dissolution occurred in the temperate species Ammonia aomoriensis in specimens exposed to seawater supersaturated with calcite (at and below Ω c = 1.4) (Haynert et al. 2011 ), a result similar to that observed in our experiments and consistent with field observations by Buzas-Stephens & Buzas (2005) of partial dissolution of live foraminifera under hyposaline conditions in euryhaline lagoonal waters.
Future dedicated studies are required to elucidate why benthic foraminiferal responses to OA are so complex and diverse. However, as carbonate saturation in sediments, even in shallow, reef-associated environments, can vary from extremely supersaturated during daytime photosynthesis to undersaturated in the early morning prior to sunrise (Yates & Halley 2006a ,b, Yates et al. 2007 ), benthic foraminifera are normally exposed to wide daily variation in carbonate saturation states and therefore are adapted to survive substantial variability. Nienhuis et al. (2010) found that the calcitic shells of intertidal snails dissolved in experiments with calcite saturation states >1 and that the shell dissolution rate increased roughly linearly with increasing CO 2 levels, while shell deposition rates did not change. Similar results were reported by Ries (2011) for several invertebrate taxa that demonstrated little or no decline in primary calcification under elevated p CO 2 but rather dissolution of the shell of living specimens. Such dissolution could reduce the long-term fitness of the organisms by reducing their ability to burrow or increasing their susceptibility to predators and bioeroders. The fact that dissolution was not observed on the entire test surface of live Amphistegina gibbosa may reflect partial protection of the test surface by the foraminifer's reticulopodial network, which extends over the foraminiferan test surface (Travis & Bowser 1991) and may isolate the test surface from direct contact with the surrounding seawater. Rodolfo-Metalpa et al. (2011) showed that although some organisms can up-regulate calcification at lowered carbonate saturation states, they rely on protective organic layers to avoid dissolution. Test surface dissolution did not affect the survival and fitness (as measured) of A. gibbosa, but the longer-term ecological consequences of partial test dissolution have yet to be established. Dissolution of non-growing shell regions can result in structural weakness (e.g. McDonald et al. 2009 ) and, thus, could make A. gibbosa more susceptible to predation by microborers (e.g. Hallock & Talge 1994) or unidentified predators, probably crustaceans, that break off the edges of weakened shells of A. gibbosa (Toler & Hallock 1998 ). The tests of offspring produced in 2000 ppmv p CO 2 were affected by dissolution in a similar manner as adults. En hanced susceptibility to predation of juvenile A. gibbosa could lead to a decline in population sizes because fewer specimens reach reproductive maturity.
Symbiont loss was evident in all experimental conditions, with the most loss occurring in the elevated p CO 2 treatments. When the symbionts of Amphistegina gibbosa are damaged, the host digests them (Talge & Hallock 1995) . Digestion, together with subsequent breakdown of foraminiferal cytoplasm, which results in partial to nearly complete loss of golden-brown to olive-green color, has been termed bleaching (Talge & Hallock 1995 . Bleaching has been common among A. gibbosa field populations since 1991 (e.g. Hallock et al. 1995) and can be induced in experimental treatments by above-opti-mal light intensities (Hallock et al. 1986 , Talge & Hallock 2003 . Bleaching in field populations can result in reproductive failure (Hallock et al. 1995) , increased susceptibility to predation (Hallock & Talge 1994) , and shell breakage (Toler & Hallock 1998) . Ocean acidification contributes to photo-oxidative stress, which is the primary cause of bleaching (Tsimilli-Michael et al. 1998 , Wooldridge 2009 ), thereby increasing pressure on already stressed A. gibbosa populations.
Asexual reproduction by Amphistegina gibbosa in all 3 p CO 2 treatments could mean one of two things: that experimental conditions were favorable for the foraminifera or that reproduction was a stress response. In general, A. gibbosa are amenable to culture conditions and reproduce regularly in culture (Hallock et al. 1986 (Hallock et al. , 1995 . In our experiments, reproductive yield did not differ significantly between specimens exposed to ambient and elevated p CO 2 , but the lack of statistical significance might have been due to the low number of replicates available for analysis. Whether or not reproduction was a stress response is difficult to assess. For A. gibbosa, coiling ratio in the asexual brood has been suggested to be an indicator of stress in the parent (Hallock 1988) . Here, the coiling ratios in the broods were similar in ambient and elevated p CO 2 treatments. Elevated incidences of juvenile deformity have previously been observed in offspring of severely stressed A. gibbosa field populations (Hallock et al. 1995) . Here, the ratio of 'normal' to 'deformed' offspring did not differ between treatments. Although twinning was only observed in offspring from 2000 ppmv CO 2 , there were too few twins overall to influence the ratios of abnormal to normal morphologies. Experiments with more specimens, solely focused on determining the reproductive yield of A. gibbosa, are necessary to determine if reproduction was a stress response and to establish if offspring in seawater exposed to elevated p CO 2 are able to complete their life cycle successfully.
Our results suggest that fitness, as measured by ATP content, and survival of Amphistegina gibbosa in culture are not directly affected by elevated p CO 2 and the concomitant decrease in pH and calcite saturation state of the seawater. A range of non-lethal effects of ocean acidification was observed, including partial dissolution and symbiont loss. The ecological consequences of these non-lethal effects have yet to be established on the scale of generations. These results, combined with previous studies of benthic foraminifera and other calcareous organisms, contribute to the growing body of studies showing that the effects of OA on calcareous marine organisms are multifarious and can differ widely even within one class of organisms. This suggests that the ecological consequences of OA for marine ecosystems will be complex and diverse, with ecological winners and losers likely to emerge from within the same taxonomic groups.
However, large benthic foraminifera, including ancestral Amphisteginidae and more complex taxa that arose from this lineage (e.g. Barker & Grimsdale 1936) , were among the dominant carbonate-producing organisms of the Paleogene when atmospheric CO 2 levels were fluctuating substantially through time but overall were at least 2-to 3-fold higher than Neogene concentrations (e.g. Pomar & Hallock 2008 and references therein). Thus, both the short-term and evolutionary-scale changes under which foraminiferal lineages have both survived and thrived support the interpretation of adaptation of many foraminifera to substantial ranges in carbonate saturation. Perhaps an equally relevant issue is to identify the physiological mechanisms that allow these protists to function under such different saturation states. 
